In this paper, the optimization of micro-cogeneration (µ-CHP) system sizing for convenience stores in Thailand is conducted under the present condition of fuel prices and tariff rates. The assessment of (µ-CHP) system performance is analyzed by using Primary Energy Saving (PES) Ratio for evaluating the energy performance. Also, the Annual Cost Saving Ratio (CSR) and Payback Period (PBP) are used for evaluating the economic performance of µ-CHP system. The analysis results show the optimal size of µ-CHP system under possible conditions including the operating schedule and system's efficiency were conducted.
Introduction
The utilization of alternative energy is one of the effective methods to improve the energy efficiency and reduction of primary energy demand, i.e. the implementation of PV system or other available energy sources in each area. Cogeneration, which was also called Combined Heat and Power or CHP, is the high efficient system to generate power (electricity) and thermal energy from a single fuel source. The CHP system has been widely used as the effective technology for power generation with lower cost and also reduced environmental emissions [1] [2] . CHP system is also recognized as the key alternative for de-centralized power generation in order to improve the nation's energy security, i.e. Thailand, the energy consumptions for most residential and commercial buildings are supplied from centralized power generation plant over the electricity grid. From the previous studies [3] [4] , the utilization of CHP system for Thailand's commercial buildings by using gas engines together with absorption chillers, this system is effective method in order to reduce Thailand's peak generation requirements.
The success of CHP system is well proven in industrial and large-scale applications and is being further investigated to meet the needs of small-scale commercial and residential applications [5] . Many studies have been reported on this topic. H. Ren et al. [1] developed the nonlinear programming model to minimize the annual cost of energy system for residential building which equipped with the CHP plant integrated with the storage tank and a back-up boiler in order to introduce the optimal sizing for CHP system and storage tank from the consideration of economic assessment. The results showed that capital cost, energy prices and electricity buy backs are the significant parameters affecting the optimal sizing of CHP capacity. Sizing of the storage tank is also affected by the operating time of CHP plant and tariff structure. Rusbeh R. and Reinhard H. [6] investigated the optimal configuration of micro-cogeneration systems for residential buildings in Austria by the minimization of heat generation costs (investment, operational and maintenance costs) and embedded energy (for manufacturing and operation of micro-cogeneration plants). The results showed that the substitution of reference system with a dual system result in a higher efficiency in the heat supply of buildings for both economic and energy saving concerns. Kyle S. et al. [7] evaluated the economic improvement from the introduction of small-scale cogeneration system for the hospital in New Jersey by considered the expected returns from demand response, capacity and regulation markets, pricing CO 2 emissions and net metering. It was found that the uncertainty of fuel and electricity prices is the significant risk to cogeneration projects but can be mitigated by the feed-in tariffs system. Sun, Z.-G. [8] studied energy efficiency and economic analysis of the cogeneration system driven by gas engine in China by compared the Primary Energy Rate (PER) and primary energy saving to evaluate the performances with conventional system. It is found that at the required energy flows, the comparative primary energy saving of the cogeneration system is more than 37% compared to conventional system. Furthermore, the payback periods of the cogeneration system are 4.52 and 2.65 years based on energy prices in Jiangsu Province and Sichuan Province, respectively. The research studies of CHP system for commercial buildings in Thailand are also implemented by Somcharoenwattana, W., et al. [9] , the authors studied the potential of the implantation of natural-gas cogeneration for public buildings in Thailand upon the completion of the natural gas pipeline plan in the city in 2020. The authors have proved in some buildings such as Thailand's Suvarnabhumi Airport, the overall efficiency and primary energy saving can be improved by 10% and 24%, respectively, and electricity can be sold back to the grid to gain more revenue [9] . The benefits of the implementation of the co-generation system integrated with an absorption chiller in the Supercenter Building in Thailand have been studied from Sommart and Chullapong [10] by varying 2 types of cogeneration systems and 3 types of absorption chillers by considering the payback period as the economic assessment index. The results showed that the average payback period is about 8.9 -35.5 years from the integrated system between gas turbine cogeneration with all absorption chillers.
From the above review of previous studies, there is no research on the effects of a CHP system for convenience stores in hot countries. Therefore, the objective of this paper is to show how to utilize the micro-cogeneration (µ-CHP) system for convenience stores in Bangkok, Thailand by using sensitivity analysis in view point of energy and economic performances. The structure of the remainder of this paper is as follows: Section 2 describes the basic information of case study including energy demand and utility tariff. In Section 3, the outline of analytical model and analysis of evaluation indexes are described. Parameters for the analysis methods are illustrated in Section 4. Section 5 describes the analysis results through the sensitivity analysis. Finally, Section 6 draws the conclusions of the paper.
Description of the Case Study

Store's Energy Demand
In this study, on-site investigation of energy demand has been done in separated system throughout the year 2011; equipment energy system and air-conditioning (A/C) system, by installed the power meter on the panel board of the store. Figure 1 shows the hourly energy demand, represented by load-duration curve (monotonic curve) pattern which starting with largest to smallest consumption values for 1-year consumption of cooling and equipment (including lighting) demands, respectively. Lighting system of the store consumes stable energy consumption which composed of 138 36-Watt fluorescent lamps and 8 18-Watt fluorescent lamps. The energy consumption from the equipment system in this study includes the energy demand from the refrigerating system and heating systems. A/C system of the store composed of 5 A/C units with a capacity 44,000 BTU (7.08 kW) which operated inside sales area only.
Utility Tariffs
Utility electricity and gas tariffs are the key parameters that need to take into account for the calculation in order to analyze the economic benefits of the µ-CHP implementation. Because of the present situation has no city gas pipeline, therefore, gas tariff information in this study is assumed to be the same rate for industrial customers as 350 THB/MMBTU which provided by PTT Public Co. Ltd. only. If the city gas pipeline is successfully implemented in 2020 [9] , the gas utility company can be provide gas tariff rate in cheaper price than the present in order to encourage customers to use gas as the alternative energy for both residential and commercial sectors.
Electricity service in Bangkok and vicinity areas is mainly provided by Metropolitan Electricity Authority (MEA) [11] . Electrical energy utilization of Thailand's convenience store can be considered for electricity tariff as the "Medium General Service", a time of use (TOU) tariff rate is applied for the store. The electricity change is imposed a variation by time (day time and night time) and also for holiday consideration (weekend and weekday period). Calculation of electricity tariff in this study is shown in Equation (1).
Annual electricity tariff
where E C is electricity charge which vary by time of utilization as illustrated in Figure 2 . E S and E D are service charge and demand charge, which are equal to 312.24 THB/month and 196.26 THB/kW, respectively. h, d, and m denote hours in a day, days in a year, and months in a year, respectively. The Automatic Tariff Adjustment (F t ) is the mechanism for adjusting the power tariff which reflects the policy expense and the fuel cost of power generation at a given period of time [11] . Figure 3 illustrates the outline of the model used for the calculation. In order to satisfied the target of optimal sizing from the results of energy efficiency and economic assessment analysis, 5-major parameters are considered as the input data-energy requirements of the store, hourly load demand profile, prime mover technology (gas engine is considered in this case), hypothesis and methodology for assessment, and fuel price & tariff scenario.
Methodology
Modeling of Micro-Cogeneration System
According to end-used demand data of hourly electrical energy consumption from on-site measurement data, the comparative study between conventional system and µ-CHP system is executed by using conventional system as a baseline. The energy flows of both systems are illustrated in Figure 4 . Two major energy demands have been considered in this study-direct electrical energy demand (from equipment and other sys- In conventional system, all of the electrical energy demand either direct power consumption for equipment system or space cooling via the operation of A/C system is employed by utility grid only. For µ-CHP system, we used gas engine as the prime mover and absorption chiller as two major components in order to meet the energy demands either electricity or cooling demands. The gas engine is used to meet the electrical load for equipment system and also meet the cooling load with the use of A/C system through the operation of absorption chiller. It is noted that, if the recovery of thermal energy from gas engine does not completely satisfy the absorption chiller's needs, a backup-boiler is used. Otherwise, the surplus energy is released into the atmosphere in case of recovery of thermal energy exceeds the load demands.
Energy Efficiency Index
In this study, the evaluation index for energy efficiency is expressed by the calculation of the primary energy saving ratio (PES). The PES is defined as the ratio of the difference between primary energy input in the conventional energy system and the µ-CHP system to the primary energy input in the conventional system which can be expressed in Equation (2) .
where Q CONV and Q µCHP are the primary input in the conventional energy system and the µ-CHP system, respectively. In this study, total annual primary energy consumption of the conventional system composed of the power consumption for electricity and cooling loads, total primary energy consumption of the µ-CHP also composed of the electrical energy consumption from utility grid, on-site power generation, direct fuel combustion for back-up boiler. Equation (3) illustrated the final formula for calculation of PES value. 
Economic Assessment Index
In this study, cost saving ratio (CSR) is used as one of economic assessment index which express the profitability of the µ-CHP system and also defined as the rate of total energy cost difference between the µ-CHP and the conventional system to the annual energy cost of the conventional system, as illustrated in Equation (4).
where C CONV and C µCHP are the annual energy cost of the conventional system and µ-CHP system, respectively. Both energy costs are mainly composed of the combination between investment cost (initial cost) and running costs which can be defined as Equations (5) and (6):
where
are annualized investment cost and electricity purchase (running cost), respectively for conventional system.
are the annualized investment cost, utility grid electricity cost (running cost), and city gas cost (running cost), respectively, for the µ-CHP system.
Annual investment costs of conventional and µ-CHP systems are described in Equations (7) and (8) . Investment cost is calculated from the annualized capital cost which spreading the initial cost of an option across the life time of that option while accounting for the time value of money. The cost of capital is annualized as if it were being paid off as a loan at a particular interest of discount rate over the life time of the option [12] .
( ) ( ) illustrate the life time of the A/C system, absorption chiller, and µ-CHP system, respectively. The investment cost for conventional system in this study is considered for A/C system only. On the other hand, the consideration of absorption chiller and µ-CHP system are taken into account for determine the investment cost of µ-CHP system. The annual running cost conventional system and µ-CHP system are described in Equations (9) to (11) . Calculation of running cost is mainly from the cumulative fuel consumption for each period of both systems multiplied by the fuel price. , , , ,
, ,
denote hourly electricity load of A/C system, equipment demand, and µ-CHP, respectively.
, ELEC h P and GAS P are electricity price and gas price.
,
BOILER d h H
is heat load input to boiler, kW. HR denotes the heat rate, kWh/m 3 . η E and η BOILER are electricity efficiency of µ-CHP boiler efficiency, respectively.
The payback period (PBP) is one of widely accepted method for assess economic performance, is also employed in this study. It reflects the length of time required for a project to return its investment through the net savings realized which can be reflect the time frame necessary for the net energy cost saving to pay the installation cost of µ-CHP system. Calculation of payback period [13] can be illustrated in Equation (12): 
Parameters and Data Assumptions
The technical data for this analysis are summarized in Table 1 .
Results and Discussions
Analysis Results of Energy Performance
Evaluation of reasonable μ-CHP capacity in order to maximizing the energy efficiency, the electrical efficiency (η E ) and thermal efficiency η H ) of µ-CHP system is assumed to be 35% and 45%, respectively. The demand from equipment and cooling load has a direct effect on the selection of the size of the prime mover. Finally, the calculation of optimal sizing of prime mover by considering the PES value is performed. Zone A in Figure 5 denotes the amount of electricity that is still needed from the utility grid. It was found that increasing the µ-CHP capacity can supply the much more electricity for equipment demand which represented in the reduction in zone A. When the capacity is higher than 18 kW, full electricity for equipment can be produced by a µ-CHP system, which means the store is totally independent of the grid electricity supply.
As illustrated in Figure 6 , effect of thermal energy utilization from cooling load demand and load supply from µ-CHP system can be divided into 3 zones, namely Zone X, Y, and Z. Zone X represents the amount of recovery heat which is produced by the µ-CHP system. Zone Y denotes the amount of heat from the back-up boiler which provides additional heat to produce the cooling energy. Zone Z is the amount of waste heat which is produced from the µ-CHP system that exceeds the requirements, and which is released into the atmosphere. It can be seen that increasing of the µ-CHP capacity will increase the area of Zone X, reduce the size of Zone Y, and increase the area of Zone Z. The reasons can be described by the large amount of cooling demand can be satisfied by recovery heat from the µ-CHP system. Also, a lot of surplus heat will be released into the environment (Zone Z). From the viewpoint of making good use of recovery heat, the optimum capacity of the µ-CHP system is 9 kW, at which the area of Zone Z will be near zero and recovery heat from µ-CHP system is totally used.
For the total performance of the µ-CHP system, below 15 kW of µ-CHP capacity, the increase of µ-CHP capacity results in a significant energy saving and the change of PES value becomes slower when the capac- ity is above 15 kW. Finally, PES value becomes stable from the utilization of capacity above 18 kW. It is found that, PES value can be increased up to 45% from the variation of the gas engine's efficiencies. Figure 7 (A) shows the estimated investment cost and running cost of µ-CHP and the tendency of annual cost saving ratio (CSR). Investment cost of µ-CHP has linear increase to the capacity. The running cost (purchased energy cost) is decreased as the increase of CHP capacity and become stable from 18 kW or higher capacity. Considering the annual cost saving, increase the capacity of µ-CHP does not always lead to more cost saving. It can be seen that the annual cost saving ratio reaches the maximum point when the capacity of µ-CHP is about 15 kW. A rise of capacity leads to decrease of marginal revenue and the marginal cost is almost constant, which causes the net marginal benefit to decrease from a positive value to a negative one [2] . From the analysis of return on investment for the net energy cost saving to pay for the installation of µ-CHP under the current situation of fuel price for both electricity and natural gas price as shown in Figure 7(B) , the optimal solution for capacity selection of µ-CHP is about 12-kW which is obtained about 5.05 years for payback period.
Analysis Results of Economic Assessment
Effect of Micro-Cogeneration Capacity to Annual Cost Structure
Fuel Price Sensitivity Analysis of Optimal Micro-Cogeneration Capacity
Electricity and gas price are the key parameters influence the decision of implementing the µ-CHP system by considering the economic benefits to judge for the installation and also capacity and efficiencies of µ-CHP system in the convenience store. In this study, the profitability index e.g. Cost saving ratio (CSR) or Payback period (PBP) have been analyzed due effect of the price sensitivity for both gas and electricity in order to find out the optimal capacity for µ-CHP system under the circumstance of price variation in the future. 
1) Electricity price sensitivity
Increasing of electricity price due to the depletion of natural resource for electricity generation is possible in near future. One of main parameter affect the adoption of µ-CHP system to convenience store which related to annual cost saving is about the electricity price. The electricity price is one of the key parameter to induce customer for selection of power purchase from grid or on-site generation. Furthermore, the changing of electricity price is also the parameter affect the selection of optimal size of µ-CHP system as shown in Figure 8 .
From Figure 8(a) , the zoning of µ-CHP capacity selection by considering the effect of electricity price sensitivity on CSR values are illustrated. It can be seen that if electricity price is decrease about 18 -40 percent (Zone 1), CSR value from the selection of µ-CHP capacity with 9 kW > that of 15 kW > that of 21 kW. In Zone 2, the electricity price is in the range −18% to +8%, CSR value from the selection of µ-CHP capacity with 15 kW > that of 9 kW > that of 21 kW. However, if the electricity price is increase about 8% -40% which represented in Zone 3, CSR value from the selection of µ-CHP capacity with 15 kW > that of 9 kW > that of 21 kW. The results from calculation of return on investment through the net savings is shown in Figure 8(b) from the effect of electricity price sensitivity to payback period (PBP) with different µ-CHP capacity. If electricity price is higher, PBP for all µ-CHP capacity will decrease accordingly in similar tendency due to the consideration of investment cost and running cost of µ-CHP system compared with conventional system as shown in Equation (12) .
The sensitivity of electricity price affect the operation of gas engine which consequence to management of the operation time for the utilization of µ-CHP system. Figure 9 shows the effect of electricity price sensitivity to operating time of µ-CHP system in this study, considering the µ-CHP with capacity 15 and 21 kW, if electricity price is increase more than 20 percent, gas engine will operate 24-hr throughout a year in order to minimize the energy cost saving. In contrary, if electricity price is decrease lower than 40%, µ-CHP with 9, 15, and 21 kW capacity will stop for the operation because the customer will better purchase electricity from utility grid. However, in case of 9 kW capacity, gas engine will operate 24-hr throughout a year if electricity rate increase more than 40% from current price.
2) Natural gas price sensitivity As illustrated in Figure 10(a) , contrary to the analysis results from sensitivity of electricity price, higher CSR value can be obtained if gas price is decreasing in linear tendency. However, increasing of natural gas price will also induce customer to purchase electricity from grid rather than utilize µ-CHP by natural gas. It can be seen that zoning of µ-CHP capacity selection by considering the effect of natural gas price sensitivity on annual energy cost saving ratio is also analyze in this study. If natural gas price is decrease about 4 -60 percent (Zone 1), CSR value from the selection of µ-CHP capacity with 15 kW > that of 21 kW > that of 9 kW. In Zone 2, the Figure 10 . Effect of gas price to optimal sizing of µ-CHP system. (a) Effect of gas price to CSR value; (b) Effect of gas price to PBP value. natural gas price is in the range −4% to +28%, CSR value from the selection of µ-CHP capacity with 15 kW > that of 9 kW > that of 21 kW. However, if the natural gas price is increase about 28% -60% (Zone 3), CSR value from the selection of µ-CHP capacity with 9 kW > that of 15 kW > that of 21 kW, respectively. Figure 10(b) shows the effect of natural gas price sensitivity to payback period with different µ-CHP capacity. If natural gas price is lower, payback period for all capacity will decrease accordingly in similar tendency which can be induce for example for investment of µ-CHP system and the promote the penetration of gas fired distributed power generating system and supported future policy for gas price usage in CHP system in the future.
In Figure 11 , for the µ-CHP system with 15-kW and 21-kW capacity, gas engine will operate 24-hr throughout a year in order to minimize the energy cost saving if natural gas price is decrease less than 20 percent. In case of 9-kW µ-CHP capacity, 30 percent for decreasing of natural gas price is considered to operate gas engine machine 24-hr throughout a year, however, if natural gas price is higher than 50%, the machine is going to stop the operation in order to maintain for cost saving criteria. In case of 15-kW and 21-kW of the µ-CHP capacity, operation of gas engine will stop if natural gas price become higher than 70 percent from the current price.
Conclusions
In this study, the introduction of micro-cogeneration (µ-CHP) system for typical convenience stores in Thailand has been evaluated. The study case with 188 sq.m.-floor area was considered regarding to store's energy performance and hourly load profile throughout a year of electric and cooling load. Under the circumstance of electricity and cooling demands, the mathematical model has been developed in order to determining the optimal size of µ-CHP system. According to the analysis in this study the following conclusions can be drawn:
Energy efficiency consideration: selection of µ-CHP capacity of 15 kW is the optimal solution for efficient energy saving concern. However, in order to decentralize power generation from utility grid which is so called "grid independence" pattern, selection of µ-CHP capacity of 18 kW is suitable for this purpose. On the other hand, the consideration of the minimization of waste heat can lead to a decision to select a 9 kW of the µ-CHP system. But in this case, the additional electricity supply for the equipment load from the grid and heat supply from the back-up boiler are needed in order to satisfy the energy need.
Economic consideration: under the present situation of fuel prices for both electricity and gas prices including tariff rates, 15 kW of the µ-CHP capacity is the reasonable solution by the consideration of lowest Cost saving ratio (CSR). However, 12 kW of µ-CHP capacity is also suitable for economic concerns from the payback period calculation results. It is noted that the sensitivity of fuel price and tariff structures either electricity price and natural gas price are the significant factors affecting the selection of optimal sizing for µ-CHP system in order to Figure 11 . Effect of natural gas price and operating time for gas engine. achieve the economic benefits. Not only the selection of optimal sizing should be concerned from the fluctuating fuel price, the operation schedules of µ-CHP system also need to be considered.
